(Received 9 November 2012; accepted 11 January 2013; published online 29 January 2013) Pre-stressed multi-layer nanomembranes are rolled-up into a microtube in order to tune the strain applied to the contained coupled GaAs quantum wells. Additional GaAs/AlAs adjusting layers were deposited on the top of the nanomembrane to alter the thickness/stiffness of the to-be-rolled nanomembrane. In this way, microtubes with an adjustable diameter and strain are possible from a single initial grown sample. The internal strain state in the microtube affects the energy levels of the quantum wells and their coupling, which can be probed sensitively by photoluminescence. We measure different strain relaxation in rolled-up nanomembranes which we explain using a gradual change of the longitudinal relaxation as the distance of the nanomembrane from the etching front varies. Rolled-up nanotechnology, which employs bottom-up and top-down fabrication techniques via a strain-engineering route, has the ability to conveniently produce threedimensional micro-/nano-structures by releasing arbitrarily shaped strained nanomembranes and thus has drawn everincreasing attention. [1] [2] [3] [4] [5] [6] The fabricated structures typically possess a tube-like geometry 1, 2, 7 and their applications in optics, [8] [9] [10] [11] [12] [13] [14] mechanics, 15, 16 electronics, [17] [18] [19] and even biology 20 have been explored. The physical properties of the nanomembranes were found to be significantly influenced by the intrinsic strain/stress, [21] [22] [23] [24] and thus can be tuned by the rolling process. 25, 26 Among all the physical properties, the optical properties of rolled-up microtubes have been studied most extensively since they can be easily probed by light emission measurements. For instance, the band structure of a quantum well (QW) embedded in the rolled up nanomembrane is significantly altered and the corresponding photoluminescence (PL) signals shift as the strain inside the nanomembrane varies along its thickness. [26] [27] [28] [29] Here, we explore in detail how the light emission from strained rolledup nanomembranes with embedded coupled QWs can be controlled. Additional stiffening layers were used to change the position of the neutral strain plane and thus the profile of the strain can thus be changed intentionally in a continuous manner. The coupling between the two QWs was tuned effectively using strain, as is revealed in the PL spectra. Both uni-and bi-axial strain relaxations were detected in strained nanomembranes with different thicknesses and curvatures. Herein, the bi-axial relaxation refers to relaxation in both longitudinal and tangential directions while the uni-axial relaxation indicates tangential relaxation. We found that the longitudinal strain gradually relaxes with increasing distance of the nanomembrane from the etching front because the unreleased part is mechanically constrained by the substrate. Our results improve the understanding of the strain state and its evolution in rolled-up nanomembranes.
The microtube structures are made from strained layers grown by solid source molecular beam epitaxy on GaAs (001) substrate. The sample structure is shown in Fig. 1(a) . Starting from the substrate, first a buffer layer is grown to increase epitaxial quality, and then we grew a 20 nm AlAs sacrificial layer followed by the layer sequence, which rolled up during selective removal of the sacrificial layer in dilute HF (10%). The layer sequence consists of a 20 nm In 0.2 Al 0.2 GaAs strained layer, a 15 nm Al 0.4 Ga 0.6 As bottom barrier, a 4 nm GaAs QW (QW2), a 3 nm Al 0.4 Ga 0.6 As central barrier for coupling, a further 3 nm GaAs QW (QW1), and a 15 nm top barrier. Differing from previous work, 1, [25] [26] [27] [28] [29] [30] five cycles of 30 nm GaAs/ 2 nm AlAs layers were deposited on top of this layer sequence as adjusting layers to change the total thickness and stiffness of the nanomembrane. The GaAs and AlAs in the stiffening layers can be selectively etched away by dilute citric acid/ H 2 O 2 mixture (the volume ratio of 50% citric acid to H 2 O 2 is 4:1) and dilute HF acid (10%), respectively, and therefore, we can obtain microtubes with different diameters (caused by different nanomembrane thicknesses) 1,31 from one initial sample by removing a different number of these additional stiff layers, thus providing a well-defined tuning parameter for the (2013) following systematic investigations. The morphological and geometrical properties were investigated using an optical microscopy (Zeiss Axiotech vario) connected to a camera (Zeiss AxioCam MR) for high-resolution images. Characterization of light emission was carried out at room temperature by using a HeCd laser operating at 442 nm as an excitation source. The laser was focused to a spot size of approximately 2 lm using a 50Â microscope objective. The emitted light from the sample was collected by the same objective and the excitation source was removed by a long pass filter.
After the selective etching of the underneath AlAs layers, the strained nanomembranes were found to roll up into microtubes. The two insets in Fig. 1(b) show typical top-view optical images of microtubes with different diameters. The results prove that the strained layer (20 nm In 0.2 Al 0.2 GaAs) in the layer sequence can provide sufficient strain for the rolling process. Figure 1(b) shows the diameter of the microtube as a function of the total thickness of the nanomembrane. The black squares and corresponding error bars represent experimental results directly extracted from optical microscopy. One can see that for a nanomembrane with five additional stiff layers, the microtube diameter is $50.6 lm while the nanomembrane without stiff layers yields microtubes with diameter of $7.6 lm. This can be qualitatively explained as the removal of the additional stiff layer makes the nanomembrane "softer," and the diameter will become smaller under the same initial strain. The experimental results suggest good controllability and reproducibility in geometry tuning by employing stiff layers. To elucidate this phenomenon quantitatively, diameters of the microtubes were calculated by adopting a macroscopic continuum mechanical model with a plain strain state (see solid line in Fig. 1(b) ). [32] [33] [34] Good agreement between experimental and theoretical results confirms the applicability of the model to the considered materials system. The application of additional stiff layers is also important for shifting the position of the neutral strain plane within the tube wall. For QW1 and QW2, the calculated strains based on changes in the lattice parameters along the tangential (a t ) and radial (a r ) directions 34 are plotted in Fig. 1(b) . One can see different evolution tendencies in strains calculated from a t and a r , while the strains along the same direction in the two QWs are similar, indicating an excellent strain-tuning ability.
For the semiconductor QWs considered here, the electrons and heavy holes are localized in the confinement potentials in the conduction and valence bands, respectively. Although the two QWs are separated by a thin barrier layer (3 nm Al 0.4 Ga 0.6 As), the overlap between the wave functions of electrons/heavy holes could be large. [35] [36] [37] For the sake of clarity, the ground state and the first excited state of electron are labeled as e0 and e1 while hh0 and hh1 for heavy hole case. 36 Therefore, four transition energies, e0-hh0, e0-hh1, e1-hh0, and e1-hh1, should exist in such coupled QWs, which is indeed proved both theoretically and experimentally in flat nanomembrane (upper plot in Fig. 2(a) ). The lower plot in Fig. 2(a) shows the PL spectrum from the biggest microtube with a diameter of 50.6 lm, and four PL sub-bands can still be identified even before Gaussian deconvolution, although the peak positions redshift compared to those from the flat nanomembrane. The strain layer (20 nm In 0.2 Al 0.2 GaAs) is bi-axially compressed before releasing. When the nanomembrane is set free, the material in the strain layer tends to acquire its inherent lattice constant, making the nanomembrane bend upwards. 1 The strain applied to the QWs introduces an additional elastic energy into the system which modifies the band gap [25] [26] [27] [28] [29] [30] and hence also the four transition energies. The solution of the transition energies can be calculated theoretically by solving the Schrödinger equation with the elastic energy considered (Details can be found in Ref. 38) . Figure 2(b) shows the band diagram and the calculated energy levels as well as wave functions of electron and heavy hole in the 50.6 lm microtube, where biaxial strain relaxations are taken into account. The band diagram of the flat nanomembrane is also shown in dashed lines for comparison. The theoretical results explain the experimentally observed energy variation in Fig. 2(a) .
With the removal of the additional stiff layers, the diameter decreases and the neutral strain plane 39 moves downwards due to the reduction in total nanomembrane thickness. This alters the strain status in the QWs which is reflected in the PL spectra. Figure 3(a) displays the PL spectra obtained 2013) from microtubes with different diameters, and the shift of all the four sub-bands is easily identified. Here, we focus our discussion on the strongest PL band (e0-hh0 transition). The calculated PL peak energy with bi-axial relaxation as a function of diameter is shown in Fig. 3(b) with red solid circles. The experimental results are well fitted when the number of residual stiff layers >2. An obvious deviation is found when only one or two layers are left. In order to understand this phenomenon, the peak positions calculated from tangentially (i.e., uni-axially) relaxed nanomembranes are also given in Fig. 3(b) with blue open circles. We find out that the strain relaxation in large microtubes (i.e., thick nanomembrane) is bi-axial while in small microtubes (i.e., thin nanomembrane), the relaxation tends to be uni-axial. Normally the thin nanomembrane should easier relax, but the observed results can be reasonably explained if the measurement configuration is considered.
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In our PL measurement setup, the signal is collected from the top, as shown in the sketch in Fig. 4(a) . The nanomembrane distance between the measured spot and the etching front is half of the perimeter of the microtube's cross section (i.e., pD/2, where D is the diameter of the microtube), which varies for microtubes with different diameters. The longitudinal relaxation of the nanomembrane can be hindered by the unreleased part, which is still fixed to the substrate 26, 40 and would predominantly take place with increasing distance from the etching front. 40 Here, we suppose that the nanomembrane is completely relaxed in longitudinal direction after a critical underetching length L c . 40 For microtubes with different diameters, the distance between the measured spot and the etching front is different, too, causing different relaxation states at the measured spots. We carried out PL measurements along the axes of two microtubes with different diameters, and the results are shown in Fig. 4 . Figure 4 (b) displays the results from the big microtube (D 1 ¼ 50.6 lm). In this case, pD 1 /2 is considered to be larger than L c (Fig. 4(c) ), and the nanomembrane undergoes complete bi-axial relaxation and thus the emission wavelength is constant along the whole microtube axis (Fig. 4(b) ). For a small microtube with D 2 ¼ 7.6 lm, it is possible that pD 2 /2 < L c (Fig. 4(e) ), and the microtube is only partially relaxed along the axis except for the two ends. Therefore, in Fig. 4(d) , one can see that the emission from the ends occurs at longer wavelengths.
In summary, we have fabricated microtubes with embedded coupled GaAs QWs by rolling pre-defined strained nanomembranes. The thickness of the nanomembrane, the diameter of the microtube, and even the strain state of the QWs can be well tuned by changing the number of additional GaAs/AlAs stiff layers, and the experimental results are explained by a continuum mechanical model. Both uni-and bi-axial strain relaxations exist as the longitudinal strain relaxation increases with distance from the etching front. The results presented here improve the understanding of the strain state in rolled-up structures and could be promising in future tube-based micro-/nano-optical-devices.
